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Abstract—This paper is concerned with the performance of Channel frequency response
OFDM when used as a modulation and access technique for the /\
uplink of an interactive broadband wireless system or in the |
return link of a terrestrial television system. In such an applica- i
tion, the uplink performance becomes strongly dependent on the
discrepancies related to carrier frequencies, sampling frequencies
and time references used by different users. In addition, different
uplink subcarriers will see different channels since individual
subcarriers are allocated to different users. The main purpose of i
this paper is to provide the analytical tools necessary to quantify \ /
the performance of such an uplink by taking into consideration Y -
the error sources indicated above. The analysis is made from the
uplink users’ perspective; i.e., the results are presented with the Fig. 1. Using OFDM to mitigate ISI.
subcarrier index as a parameter. Average uplink user performance
is obtained by averaging over the tone index. Extensive computer js efficiently achieved by using a set of overlapping orthogonal
Zgr?géarﬂng\,a?ﬁ/ fh2Zennafﬁgﬁ‘:,rgléﬁcﬁgﬂst_he results are in strong signals to partition the channel. The transceiver_can be realized
using a number of coherent QAM modems which are equally
Index Terms—Broadband wireless systems, interactive broad- gpaced in the frequency domain, and which can be implemented
band, modulation, OFDM, uplink synchronization. by using the IDFT at the transmitter and the DFT at the receiver.
However, due to the fact that the intercarrier spacing in OFDM
I. INTRODUCTION is relatively small, OFDM transceivers are somewhat more sen-
ROADBAND wireless access to the Internet has been tﬁ('et've to phase noise, frequency errors and. sampling .CIOCk fre
focus of research and development efforts of many rguency errors by comparison to smgle carrier transceivers.
o The performance achievable with uncoded OFDM over
search groups and organizations for the past few years, e g . . . . .
i frequency selective fading channels is quite similar to the
[21-16]. For example, reference [2] proposes a high speed aSYlrformance of single carrier QAM over flat fading channels
metrical wireless system based on EDGE uplink and OFD 9 Q g '

downlink with the requirements envisioned for 3G systems mFDM can only exploit the frequency diversity through the

mind. Reference [3] focuses on the physical and MAC layer use of error correction coding. When combined with coding,
the 2.4 GHz and 5.2 GHz band IEEE 802.11 standard as well. a';DM is known as COFDM. Coded OFDM has been adopted

on the Magic WAND project as a precursor of the HiperLAN-én a number of applications including Digital Audio Broad-

standard. A description of the structure of the data packet, of t%aestmg, Digital Video Broadcasting and wireless LAN. It
. - . : is currently a strong contender before the 802.16 standards
underlying OFDM symbol, and of the training and pilot signals . .
N committee for wireless access systems below 11 GHz.
is given for the OFDM based 5.2 GHz band 802.11 standard ah . . ;
or an interactive broadband wireless system, OFDM clearly

the Magic WAND project. OFDM has been adopted, or is bein . .
. : ers the advantage of I1S| avoidance over frequency selective
proposed, as the preferred transmission technique for severalre- :
channels when used on the downlink. Its performance on the

cent standards for wireless LANs and for fixed wireless access,. . . . .
. . . uplink remains unclear. It is the purpose of this paper to give a
systems, especially in the unlicensed bands. L . .
guantitative answer to this question.

O.FDM provujes an Eﬁ?Ct'V? method to T“'“gate Fhe ISI oc The system block diagram of an OFDM uplink is presented
curring when wideband signaling over multipath radio channels _. ; .
. o . . in Fig. 2, where each uplink uséis allocated one or more sub-
is used. The main idea is to send the data in parallel over a . : :

carriers. The subcarrier frequencies from all users form a set of

number of narrowband flat fading subchannels (see Fig. 1). Tmﬁorthogonal carriers by appropriate choice of the spacing, as it

is done in OFDM. For the purpose of this paper, it is more con-

Manuscript received Febraury 8, 2001; revised March 14, 2001. venient to view the OFDM signal as.composed'of the addition
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Fig. 2. OFDM uplink system diagram.

In order to gain some appreciation of the problem at hand, let 1l. EFFECT OFUPLINK CARRIER FREQUENCY ERRORS
us first enlist the benefits of using OFDM as an uplink trans-
mission technique, along with the conditions under which theﬁﬁ
benefits hold:

In this section we are concerned with the analysis of the up-

k subject to carrier frequency errors only and we make the

following assumptions:

« ISl avoidance on the uplink; this becomes more apparent « The remote terminals are perfectly synchronized in terms
as the transmission bandwidth increases. of OFDM symbol timing.

« Provides a high level of flexibility in terms of frequency  « The remote terminals are synchronized in terms of sam-
resource allocation; for example, a user may be assigned pling clock frequency.
a certain tone for a certain period of time or, depending on « As a worst case scenario, we assume that each uplink user
his traffic requirements, several tones at once. transmits on only one tone.

« From an end user equipment perspective, itis preferableto« No guard tones are assumed to exist between traffic
give individual users as few tones as possible at any given channels.
time. The motivation here is to try keeping the peak-to- « The uplink channel response for each user varies indepen-
average power ratio as low as possible while increasing dently of all other channels.
the transmission range (distance).

* In the event an individual user is given several tones 0 Apalysis

transmit on, such tones must be spaced sufficiently far . . i ,
apart in order to exploit the frequency diversity of the With the apove assumptions in rr_nnd, the signal received by
channel. the base station can be expressed in the form:

N-1

1t
Z ay - exp |:j27TT:| -exp[j2rhiit] - Hy Q)
1=0

As such, we shall pursue our investigation with the assump-
tion that each tone in an OFDM symbol is used by a different
uplink user. As a result, as seen by the base station, each tone
will experience a different channel, carrier frequency error, sam-
pling frequency error and a different delay. Our investigatioffhere

s(t) =

considers uncoded OFDM with the understanding that a raw:
error rate of 162 to 10~ represents an acceptable performance
threshold since FEC is likely to drop that by several orders of fi
magnitude.

is a complex QAM symbol transmitted by thib user,
and

is the carrier frequency as generated by Mheuser
equipment.



EL-TANANY et al. OFDM UPLINK FOR INTERACTIVE BROADBAND WIRELESS 5

H;, isthe frequency response of the channel as seen by #ral the interfering component is given by
lthuser and itis assumed to be a complex constant over
one OFDM symbol period. Xninterference

fi can be written in the form: 1—n
= Z aH) x exp {<j7r T +jm 6Cf1> T}

fy =fo + o, 2 i7n

. —1
wheref, is the carrier frequency generated by the base station st <7r T 77 6Cf1> T
equipment and,, is the carrier frequency error of the equip- X 1_n
ment of thelth user. <7r T 7 6cf1> T
By substituting (2) in (1), the received signal at the base sta-
tion can now be modeled as Let us now assume that the carrier frequency errors are small
compared to the OFDM symbol rate. In other worélg, 7" <

N-L 1% 1for0 < 1 < N — 1. Apart from this constraint, all fre-
s(t) = expli2nfot] x > ar-exp [j%ﬂ -eap[12mber 8- Hi. - quency errors are assumed to be independent, identically dis-

1=0 tributed random variables. With this approximation, the inter-

The received signal is typically down-converted to basebar{a,r ence term can be rewritten as follows:
sampled, and then applied to an FFT demodulator as a first step
in the data detection process. When the number of carriers is rel-
atively large, the function of the FFT block is nearly equivalent = Z (=) x ayH) x exp [jr(l — n) + j7 6eg, T)
to a bank ofNV correlators. The output of theth correlator is l#n
equivalent to thesth FFT coefficient. 76T

The output of thexth correlator is of the form: X < =L

w

(8)

n | interference

)

1 T - + 7 6Cfl> T
1 T . nt Pl It
Xn = '/0 erp [_J%T} X Z ap - exp [J%f} Equation (9) represents a summation of a relatively large
1=0 number of complex random variables which are identically
distributed and statistically uncorrelated. This is because the set
- exp[j2m bop, t] - Hl) dt (4)  of channel gain coefficients and the set of data symbols, as well
as the set of carrier frequency errors come from separate users.
As aresult, it is reasonable to assume that the interference term

which can be rearranged as . ) :
9 can be modeled as a complex Gaussian random variable with

variance
N-1
. = ajHj o /T 5T 2
T TT N, - H[—}
1=0 interference ; | l| | l| ((1 _ Il) + 6Cf1T)
1 —n)t
. <cxp [jQW%} -exp[j2n 6Cflt]> dt (5) 50T |2
~ > Jan|Hy? x | (10)
T 1—n
. l1—n R l#n
N—1 exp || j2r + 27 e, | t
= ajH) T Based on (7) and (10) we can now express the
n — T 1 _ . _ _. .
— <j27r n i 6cf1> signal-to-interference ratio of user
t=0 2
bet, T

_ arl? - [Hy |2 | ==L

N—-1 a,lHl . 1—n . 0—2 Z|r1/1| | 1| 1—n
= T X exp JT T —|—J7T 6cf] T SIR—I _ interference __ l#n . (11)
1=0 " |an|?[Ha? |an|? - [Ha[?
. 1- The SIR as given by (11) has been evaluated with the carrier
sin | w + 7t | T .

N frequency error as a parameter for a 256 carrier system. The

slightly dependent on the tone indexand on the number of
carriers. The SIR decreases at the rate of 6 dB every time the
In the equation above,, can be splitinto two components. Afrequency error is reduced by a factor of 2. Uplink carrier errors
desired part, corresponding to the symbol transmitted bytine with a standard deviation of 1% relative to the subcarrier spacing
user, and an interfering part. The desired component is givenyigld an SIR of around 35 dB. By doubling the carrier errors, the
SIR is reduced to about 29 dB. These SIR results are relatively
sin (mbep, T) % insensitive to the number of carriers frbetween 64 and 256.
(7 6e,T) It will be demonstrated later on that these SIR values play the

< 1—n 5 ) ) ©®) results are shown in Fig. 3 which suggests that the SIR is only
™ +7 chi

Xn|desired = aan X exp L]7T 6cf1T] X



6 IEEE TRANSACTIONS ON BROADCASTING, VOL. 47, NO. 1, MARCH 2001

SIR wersus subcarrier index for waricus camier fraquency errors.
(analytical curves)

L j# H=128 camiers
- sigma= 0017 ‘

- ‘SI.gma ="0l'.(!5'}

zigma = 0.1

g

B ﬂ.\ . sigma = 0 3

5. 4 ! e ki i
™ T S Ty v
Subcarrier index.

Fig. 3. Signal-to-interference ratio resulting from the uplink carrier frequency errors only, based on (11) for a system with 256 carrierstsidfear&28icarrier
system are shown as circles.

important role of setting a lower bound on the SER performan@g can be written in the form:

of the uplink.
N N
Ill. EFFECT OFUPLINK SAMPLING CLOCK FREQUENCY T = L= L 16 (13)
ERRORS b e
In this section we are concerned with the analysis of the upyhere _
link subject to sampling clock frequency errors only and we /s IS the sampling clock frequency of uger
make the following assumptions: fso is the sampling frequency of the base station and
« The remote terminals are perfectly synchronized in termsds., is the sampling clock error for usér
of OFDM symbol timing. By substituting (13) in (12), the received signal at the base
» The remote terminals are synchronized in terms of carristation can now be modeled as
frequency.
» As a worst case scenario, we assume that each uplink user N—1
transmits on only one tone. s(t) = exp[j2nfot] x Z a; - Hy
* No guard tones are assumed to exist between traffic =0
channels. 9l 9l
» The uplink channel response for each user varies indepen- - exp {jﬁ f, t} - exp {jW 6sclt} . (14)

dently of all other channels.

The received signal is typically down-converted to baseband,
_ . . . _ sampled, and then applied to an FFT demodulator as a first step
With the above assumptions in mind, the signal received Ryihe data detection process. When the number of carriers is rel-

A. Analysis

the base station can be expressed in the form: atively large, the function of the FFT block is nearly equivalent
N—1 1t to a bank of N correlators. The output of theth correlator is
s(t) = Z ay - exp {j27rT} - explj2nriot] - Hy (12) equivalent to thexth FFT coefficient.
1=0 ! The output of thexth correlator is of the form:
where
a is a complex QAM symbol transmitted by tfth user, 1 T - N-—1
and XnIT'/ <ea:p [_jwfsot} X Z ap - Hy
T; is the OFDM symbol period as generated by {tte 0 1=0

user equipment. 9rl 9rl

H;, isthe frequency response of the channel as seen by the - exp {j— Ly t} - exp {j— 6561‘5} ) dt
lthuser and itis assumed to be a complex constant over N N
an OFDM symbol period. (15)
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which can be rearranged as We now make the assumption th&t,/fs, < 1 so that
sin((wl 6s¢,)/ fsy) = (nlbsc,)/ fs, and (20) becomes
N—1 arH]
Xn = T Xﬂ|interference
1=0 N-1
6,
T l—n . . sC]
o (L—n)f b 27l = (=1) ™" x ajHy x exp |jn(1l —n) + jnl
N e R T
1
(16) X = X (stcl. (21)
N-1 a1H1 n S0
Xp =
=0 T Equation (21) represents a weighted summation of a rela-
T tively large number of complex random variables which are
cxp [<j27r l-n £, j2_7r1 Sse ) t} identically distributed and statistically uncorrelated. This is be-
% N N ™ cause the set of channel gain coefficients and the set of data
o £ o4 2_7r1 s symbols, as well as the set of carrier frequency errors come
! N e Iy T =0 from separate users. Therefore, it is reasonable to assume that
the interference term can be modeled as a complex, zero-mean
N—-1 . . . .
. a H) . 1—mn .7l Gaussian random variable with variance
- X exp Jﬁ_fso +J_6sc1 T
1=0 T N N 112 1617
02 interference ~ Z |al|2|Hl|2 X 1 f - . (22)
. l1-mn 7l 1Zn (1-m) S0
sin WT f,, + N Oscy | T
X . (17) Based on (19) and (22) we can now express the
<7r l-n f i S 1) signal-to-interference ratio of useras
50 5C
N N )
SIR—I — g interference
. |an|?[Ha|?

In the equation above;, can now be split into two compo-
nents. A desired part, corresponding to the symbol that has been
transmitted by theith user, and an interfering part. The desired Z |aa]?[ELi|? <
component is given by _¥n

2 2

6501
f,

1
(1—mn)
| [?[Hn |?

) <7r1 5 T) Equation (23) assumes that the receiver takes samples at a rate
Stn | —
N 5C)

(23)

of N-samples per OFDM symbol. In many instances it may be

7l - (18) preferable to down-convert the RF signal using an SSB demod-

<ﬁ 6SC1T> ulator, in which case we end up with a real signal that must be
sampled at a rate &fN samples per OFDM symbol. In such

cases the frequency error is doubled. This is the scenario we are

f IFecall thatfs, = N/T and then (18) can be rearranged asyrsuing in this paper. As such, (23) may now be rewritten as
ollows:

! scy T} X

H i
Xn|Jesired — S1H1 X exp Jﬁ

2
g~ .
SIR~!| — __linterference
. < 165c1> |11 |a'n|2|Hn|2

Stn | T

. . i

*nlgesivea = A1HL X cxp |l 7= X —— e (19) g || Hy|? x 1 X [2A x 10762
f )
50 7l fSC] 2 (1 - n)
S0 = |an|2|Hn|2

The remaining terms make up an interference component of (24)

the form whereA is the sampling clock frequency stability expressed in
parts-per-million (ppm).

The SIR has been computed according to (24) with the sta-
bility of the sampling clock oscillator as a parameter. The results
obtained for a 256-carrier OFDM system which uses 16-QAM
modulation and for Gaussian distributed the clock errors are pre-
sented in Fig. 4. The results clearly indicate that:

sin <7r16“1> * The subcarrier index plays an important role in deter-
fs (20) mining the SIR value: subcarrier #256 experiences an
bscr SNR that is about 30 dB lower than the value presented

£, to subcarrier #1.

0

Xn | interference

N-1 5
= Z (=)' x aH x exp [jw(l —n) +j7r1FSC]
1=0

so

X 0

(1l —n)+wl
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SIR versus subearmier index for various sampling clock frequency amurs.
(anatytical and simulated curves)

0 50 100 150 200 250
Subcarrier index.

Fig. 4. SIR resulting from uplink sampling frequency errors in a 256 carrier system based on the analytical result of (24) (solid lines), andion &iiitdeat
lines). Results for a 128 carrier system are shown as circles.

» The achievable SIR values for clock oscillator stabilities f, is the carrier frequency as generated by all uplink

of 10 ppm are quite high and even tolerable when 4-QAM users’ equipment.

or even 16-QAM are used for the modulation of indi- f, isthe frequency response of the channel as seen by the
vidual subcarriers. Those same SIR values would become Ith user and is assumed to be a complex constant over
a problem for high-level constellations such as 64-QAM. an OFDM symbol period.

Equation (25) can be rewritten in the form:
IV. EFFECT OFUPLINK SYMBOL TIMING ERRORS

In this section we are concerned with the analysis of thes(t) = cap[izniot]
uplink subject to symbol timing errors only and we make the N-1

following assumptions: X Z aj - exp {j27r1%} - exp {—j2w%} -H;.  (26)
« The remote terminals are synchronized in terms of sam- 1=0
pling clock frequency. - , The received signal is typically down-converted to baseband,
* As aworst case scenario, we assume that each uplink Usgf,sied. and then applied to an FFT demodulator as a first step
transmits on only one tone. _ in the data detection process. When the number of carriers is rel-
* No guard tones are assumed to exist between traffig ey jarge, the function of the FFT block is nearly equivalent
channels. to a bank ofN correlators. The output of theth correlator is

» The uplink channel response for each user varies indep%'a'uivalent to thesth EET coefficient.

dently O,f all other channel;. i The output of theath correlator is of the form:
The uplink carrier frequencies are perfectly synchronized.

» The symbol timing errors are assumed to be small enough 1 T ot N—1
/ cxTp [—jQW—} X
0

not to cause intersymbol interference (between differentxu = 7 - Z aj
OFDM symbols); i.e., they are within the limits allowed 1=0

by the cyclic prefix interval.
. h) . 17‘1
-exp JQWT cexp |—ji2r—| - Hy | dt

A. Analysis T
With the above assumptions in mind, the signal received by @7)
the base station can be expressed in the form: .
which can be rearranged as
= 1(t - 7'1)
s(t) = Z ay - exp |:j27TT:| -explj2rfot] - Hy (25) B 1 aH ln
=0 Xy = Z X exp —JQWT
where =0
. . T
1—n)t
a :n?j complex QAM symbol transmitted by th user N / cxp [j 27r( Tn) } dt. (28)
0
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The desired component of, (corresponding to the data symboknd if we normalize the QAM symbol energy and the channel
of the nth user) is gains such thafa|? = 1 and|H;|? = 1 then the interference
variance is reduced to:

Xnl|geeiveq = anHn X exp [—jZW%} (29) 2
. (33)

1
2 2 2
. ] » <O |int>|carrier frequency errors = (a"'fT )Z 1—n
which is thenth QAM symbol modified by the frequency re- I#n
sponse of the cha_nnel and rotated by an angle which dependﬁet us now turn our attention to the sampling clock errors.
on the frequency index and on the relative delay of theh The error variance is given by (22). When averaged over the

user's signal. The interfering component:gfis of the form: QAM symbols, channel gains and the various users clock errors

171} we end up with

arH; .
Xﬂ|interferer = Z T X exp |:—J2WT
l#n

2 2

ad.
G - =) 2
it/ Isampling clock errors {2

S0 l#n

1

1—

(34)

T p—
X / exp [j27r (a 11)1 dt = 0. (30)
0 T It will be assumed that the two types of errors above, and
the additive thermal noise add on a power basis. Therefore, the

The timing errors do not pro_duce an add_mve Ir'terferem%:eompounded interference plus noise at the FFT output has a
term as it was the case with carrier and sampling clock errors, It.- o .o o the form:

can be concluded that the timing error results in a rotation of the

received QAM symbols. The set of rotations experienced by %@ —o? . (02T Z 1 2+ ol Z 1
256 tones makes up a random variable. These rotations are dgtal — “ noise 71" cf 1—n 2 1-n
ditional to any rotation caused by the channel gain coefficients 0 0 (35)

{Hy}. The aggregate rotation (due to uplink frequency errors, g ation (35) gives the total error variance for thth user

channel coefficients and relative uplink delays) is assumed to%bm at the output of the FFT block prior to frequency do-
taken care of by a frequency domain equalizer. main equalization. Following the frequency domain equalizer,

the final error presented to theth user’'s symbol for a given
V. AVERAGE SIR AND AVERAGE SINR channel gairt,, is given by

In this subsection we elaborate on the signal-to-interference 5
ratio expressions presented earlier and we discuss how they will aﬁnal|for a givenH,,
impact the uplink’s signal-to-noise-plus-interference ratio. The
main motivation for the discussion presented here is to derive an _ 1 x |02 + (6XT?) Z
expression for the uplink degradation in terms of its SNR. For |H,|? nowe ot
the sake of tractability, we will be dealing with averages over

time and frequency. 2
(%)

l1—n
I#n

1 2

1—

2

l#n

a
First, consider a scenario where the carrier frequency errors f;C (36)
are the only source of impairment. In this case, the variance of
the interference is given by (10) which is repeated below for

S0
convenience:

The average interference presentedttouser’s signal is ob-
tained by averaging (36) over thth user’s channel gain

(31) 2 1 2 2 m2 1
Tfinal = m X | Onoise + (chT ) ; 1—n

The set{a;} of QAM symbols and H,} of channel gains are
N-dimensional complex random variables. The set of frequency n <02 ) Z

2

2

Ocr, T )
1—n

P 2 2
interference Z |a1| |H1| X
l#n

1 2

— 37

Zsc
errors{d., } is anN-dimensional real Gaussian variable. When £2
averaged over the data symbols, channel gains and frequency

S0

l#n

errors, (31) yields: which can be rearranged in the form:
6CfT 2 2 _ 0—1210ise
(1) = 2 () (L) < T2 > ohoa = (%
I#n
2 2 2
1 o 1
2 2 m2 sC
1 (%1% H5)2)
= () 1) (o T Y | L B )2 i
l#n X 3
- 1 2 noise
= [a]?[Hi[2ol T? — (32)
Z l1—n (38)

I#n
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SNR degradation results (analvtical) for camier errors of 1 and 2% relative to the tone sparcing
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Fig. 5. Analytical results of the SNR degradation according to (39). The clock frequency stability is fixed at 10 parts per million.

Therefore, the SNR degradation resulting from both carrier and
sampling frequency errors can be written as

ASNR
= 10 x Logy,
2 0_2 1 2
2 2 e
(Uch)é: 1—n +<f30>§‘1—n .
x| 1+ n n

2

noise

(39)

The average SNR degradation for the uplink has been evalu- |
ated according to (39) after averaging the bracketed expression
overn with the carrier frequency error as a parameter. The re-
sults are shown in Fig. 5 and they clearly suggest that the SNR
degradation increases rapidly with nominal link signal-to-noise
ratio and with the carrier frequency errors. From this perspec-
tive, the uplink should be operated at the lowest SNR that would
yield an error rate above the system threshold (say 0.01). For ex-
ample, a system operating at an SNR of 20 dB will experience
degradations of no more than 0.5 dB for carrier errors of 1% or
less. A system operating at 35 dB will experience degradation
of about 3 dB when the carrier errors are 1% of the subcarrier
spacing.

VI. SYSTEM SIMULATION

A. System Model
The model used for simulating the uplink performance

complex QAM constellation point and denoted dgyon
the figure.

The QAM symbol is applied to a single-side-band (SSB)
modulator with a nominal carrier frequengy. The mod-
ulator output for a given user will be a single frequency si-
nusoid of duration equal to an OFDM symbol period plus
a guard interval.

The nominal frequency of thkth SSB modulator igy +
1T, + 6.5 whereT, g, is the OFDM symbol period

as seen by th&h user and which is affected by the sam-
pling clock errors. The term.; is the carrier frequency
error caused by th&h user equipment (and possibly by
the doppler shift).

The carrier frequency errors of all users for a given OFDM
symbol are generated using a random number generator
with either uniform or Gaussian distribution.

The sampling clock errors for all uplink users are also pro-
vided by a separate Gaussian or uniform random number
generator.

The sets of carrier frequency and sampling clock fre-
guency errors applied to the uplink are changed from one
OFDM symbol to the next.

The SSB modulators’ outputs are applied to separate
channels. Each channel is represented by its complex fre-
guency response (a single tap) and its delay. The channel
responses are jointly complex Gaussian and are generated
using a complex Gaussian random number generator.

The front-end of the base station’s receiver is modeled as
a summing junction for all uplink users. Thermal noise is
then added to the combined signal.

is shown in Fig. 6. The main features of our model are theigsg modulators and demodulators have been used in this study as they are

following:

more tractable for analysis and simulation purposes. The results presented also

Each link . | AM bol apply to the case in which quadrature modulators/demodulators are used. The
* Each uplink user transmits only one QAM symbol pegyy ifference is that the sampling clock errors will be reduced since the sam-

OFDM symbol. The QAM symbol is represented as gling

clock frequency is reduced by a factor of 2.



EL-TANANY et al. OFDM UPLINK FOR INTERACTIVE BROADBAND WIRELESS 11

a SSB channel
' MOD > H -
= ! Thermal
noise
22 SSB - channel
™ MoD, [ H |a y
@256 SSB > channel
MOD;s¢ Hyss | o
random car-
rier & clock
random delays
FD FFT down

-

A A converter
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Fig. 6. Uplink simulation model. The SSB modulators are driven by random carrier frequency errors and random sampling frequency errors.

» The combined signal plus noise is applied to a down coof a desired component and an interferece term. The first objec-
verter with a nominal carrier frequengy and then it is tive of this simulation was to quantify the interfering part and
applied to an FFT demodulator. gain insight into its distribution.

* The desired component of each FFT coefficient representsig 7 shows an example histogram for the interfering term
a QAM symbol scaled in magnitude by the channel. It igea| and imaginary) based on a simulation run of 128 OFDM
also rotated in phase due to the channel, random cartigry |5 each consisting of 256 16-QAM modulated carriers.
and sampling frequency errors and also due to randefje frequency error distribution is approximately Gaussian with
delays? _ _ _ a standard deviation of 3% of the carrier spacing. The general

* The FFT output is applied to a frequency domain equalpane depicted is quite typical for other values of the frequency
izer which is assumed to have knowledge of the amplitude,o and even when the carrier distribution was modeled as uni-

scaling and phase rotation of each user. Such informatigf}, The distribution was not found to vary with the size of the
is usually derived from pilot symbols which, for examplesigna| constellation.

can be transmitted by each user during certain established . ,
time slots. Fig. 8 shows the 16-QAM constellation at the FD equalizer

This model has been implemented in Matlab in order t%l‘L;tput. This plot is based on the simulation of 128 OFDM sym-

examine the system performance sensitivity to uplink randa Is in the presence of uplink carrier errors with a standard de-

; o . . " :
carrier and sampling clock frequency errors as well as timir)e tion of o = 3% of Fhe carrier spacing. The additive noise
errors. iS 80 dB below the signal. The dispersion seen has resulted

from uplink carrier frequency errors only. The general appear-
B. Discussions and Results ance is similar to what would be expected as a result of additive
Distribution of the Received QAM SymbolRecall that as a Gaussian NOISE. .
. . .. The sampling clock frequency errors were found to yield
result of the uplink errors, each of the received symbols consists_,..” 2 . T
qualitatively similar results in terms of the distribution of the

2The random delays are small compared to the prefix interval. interfering term and its impact on the signal constellation.
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Fig. 8. 16QAM constellation at the output of the FD equalizer.

However, assuming clock stabilities of 10 ppm, the interferencesult) with the frequency error as a parameter. The simula-
becomes noticeable only on higher level QAM constellationstion results are generated using a 16-QAM constellation and

SIR and SINR:In the absence of noise, the performance @daussian distributed carrier frequency errors. Repeated simu-
the receiver will depend on the ratio between the power of thegion runs suggest that SIR is relatively insensitive to the signal
desired signal and the power of the interfering component. Thenstellation and to the distribution of the carrier errors.

signal-to-interference ratio (SIR) has been given analytically by |, one of the cases we only use every second tone for infor-

(11) and (24) for the cases of carrier errors and sampling figition transmission while the remaining tones are used as a fre-

quency errors respectively. The simulation model also generafgncy guard between the uplink users. Based on these results
SIR results as by-products, thus providing a means for verifyiggs notice that:

the analysis.
Carrier Frequency Errors: Let us first consider the carrier  + Using a guard tone increases the average SIR by 6 dB.
frequency errors. By averaging (11) over the tone indese ob- » Strong agreement between the predictions of (11) and the

tain an average SIR which has been plotted in Fig. 9 (analytical simulation results.
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Fig. 9. Average signal-to-interference ratio due to carrier frequency errors.
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Fig. 10. Average SIR versus the frequency stability of the uplink clock oscillators based on analysis and on simulation.

The simulations also showed that the average SIR results egsults appeared insensitive to the size of the QAM constella-
not affected by the size of the QAM constellation nor the distrtion and to the statistical distribution of the sampling frequency
bution of the carrier frequency errors. errors.

Sampling Clock Frequency ErrorsThe results obtained for These results indicate that clock stabilities around 10 ppm

the SIR due to errors in the sampling frequencies of individualould yield an SIR higher than 40 dB, which is well above the
uplink users are given by (24). Fig. 4 shows the analyticaerage SNR of many wireless systems. As such, little perfor-
values of SIR versus the frequency index of the uplink usenance degradation is to be expected from free running crystal-
These results show strong dependence on the frequency inaexitrolled clock oscillators.
a user on tone #256 faces about 30 dB reduction in SIR byThe averaged (over all frequency indices) SIR results are
comparison to a user on tone #1. The same figure shows #mwn in Fig. 10 as a function of the frequency stability of the
results obtained by simulation based on 128 OFDM symbalgplink clock oscillators. The analytical results are based on
modulated using 16-QAM constellations. The simulatio(24).
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Fig. 11. Simulation results of the SNR degradation based on 128 OFDM symbols modulated using 16-QAM constellations.

SNR Degradation:The SNR degradation is defined as < The transmission bandwidth is large compared to the co-

follows: herence bandwidth of the channel.
» The signal is disturbed by additive white Gaussian noise
SNR degradation only.
_ signal to noise ratio (40)  BY incorporating the SNR degradation caused by the uplink
signal to noise plus interference ratio carrier and clock errors into the results of the Appendix, the
or average symbol error rate can be rewritten as:
SNR degradation (dB) . L N?
= signal to noise ratio (dB P.=2. = Y. (1=-6= -
gn ' (') ' P, =2 <1 \/M> (1-¢) <1 \/M>
— signal to noise plus interference ratio (dB)  (41) 4
The analytical results for the SNR degradation are given by [1 2-64 7r ¢ atan(ﬁ)} (42)
(39) as a function of the carrier frequency errors, clock erro&\z}
and the SNR. These results are presented in Fig. 5 for carri
errors of 1% and 2% relative to the tone spacing. In both cases a
the clock stability is fixed at 10 ppm. As expected, these results &= 1+a (43)
suggest a rapid increase of the degradation with the SNR a{i}
with the carrier frequency errors. 35
Fig. 11 presents the SNR degradation results based on sim- a= 2(M — 1) (44)

ulation as a function of the carrier frequency errors. A clock
stability of 10 ppm is assumed for all cases. These results wegh

found insensitive to the statistical distribution of both clock and E..
carrier errors. . . . No

The agreement between the analytical and simulation resufis=
is very good. For example, assuming an SNR of 40 dB and car- 1+ Eav «| (02 TQ)Z 1 2Jr <0_SQC> Z 1 2
rier errors of 1%, the analytical result in Fig. 5 suggests a 6.2 dB Ng of 1-n f2 1-n
while the simulation result in Fig. 11 suggests 6.4 dB of SNR e v (45)

degradation.

The average symbol error rate results have been obtained for
two cases, 4-QAM and 16-QAM, assuming a fading channel
The Appendix gives a derivation of the probability of symbodubject to the constraints indicated above. Fig. 12 shows the
errors for an OFDM system with/-ary QAM modulation op- 4-QAM simulation results obtained for a nonfading channel for
erating over fading channels subject to the following conditiongarrier errors withr = 1% and 2% of the tone spacing, and for
« Thetone spacing is much smaller than the coherence basdmpling clock stabilities of 10 ppm. Both the clock and car-
width of the channel. rier frequency errors were generated using normally distributed

VIl. SYMBOL ERRORRATE ANALYSIS AND SIMULATION
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Fig. 12. Symbol error rate of 4-QAM over additive white Gaussian noise channels.
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Fig. 13. Symbol error rate of 16-QAM over additive white Gaussian noise channels.

random number generators. The same figure shows the idg@nnel frequency response coefficients are generated using a
(analytical) 4-QAM curve in the absence of any carrier or cloakormally distributed complex random number generator. The
errors. Similar results for 16-QAM are shown in Fig. 13. Fromanalytical SER curves are also shown for comparison purposes.
these results it can be concluded that the performance dedfeem these two figures we notice that:

dation is negligible when the carrier frequency errors are kept « The agreement between the analysis and simulation results
below 2%. seems good for all practical purposes.

The 4-QAM and 16-QAM simulation results for fading chan- < In the case of 4-QAM we notice that frequency errors of
nels are shown in Figs. 14 and 15. In both cases we assumed 2% or less cause negligible degradation at error rates of
uplink carrier frequency errors with = 0.5%, 1% and 2% 10—2 or more. The degradation increases to about 4 dB
of the tone spacing, and sampling clock stabilities of 10 ppm.  for error rates o2 x 1073,

Both the clock and carrier frequency errors were generated ¢ In the case of 16-QAM we find that frequency errors of
using normally distributed random number generators. The 2% cause a 7 dB degradation at an error rate of1The



16 IEEE TRANSACTIONS ON BROADCASTING, VOL. 47, NO. 1, MARCH 2001
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Fig. 14. Symbol error rate of 16-QAM over frequency selective fading channels.
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Fig. 15. Symbol error rate of 4-QAM over frequency selective fading channels.

16-QAM degradation due to frequency errors of 1%, at an Assuming carrier errors of 1%, the irreducible error rates for
error rate of 102, is approximately 1 dB. 4-QAM and for 16-QAM are about x 10~* and2 x 103
» For both 4-QAM and 16-QAM and in the presence ofespectively. Assuming carrier errors of 2%, the irreducible
clock and carrier frequency errors, the SER approachesemor rates for 4-QAM and for 16-QAM are increased to about
irreducible value as the signal-to-noise ratio increases. 1 x 10~2 and8 x 10~3, respectively.
This irreducible value can be predicted using (42) and (44) after

substituting
VIII. CONCLUSIONS

1
v = . . . .
(Eav/No)—o0 1 12 /42 1 |2 In the following we summarize the conclusions to be drawn
(T2 = +< f;C>Z = from our work. The main conclusion is that OFDM/16-QAM
S0 is usable for the uplink as long as the carrier errors remain

1#n 1#n

(46) within 1% of the tone spacing if the desired SER is about?10
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OFDM/4-QAM is usable on the uplink if the carrier errors arerror rates of 102 or more. The degradation increases to about

maintained withir2 x 102 of the subcarrier spacing. 4 dB for error rates o2 x 102, In the case of 16-QAM we find
Carrier Frequency Errors: It has been assumed that the upthat frequency errors of 2% cause a 7 dB degradation at an error

link carriers are allocated to different users, which representsade of 10-2. The 16-QAM degradation due to frequency errors

worst case scenario. In this case, the carrier frequency errorsafst% and at error rate of I is approximately 1 dB.

sociated with all subcarriers in an OFDM symbol begin to look

like a random variable. By analyzing the uplink subject to car- APPENDIX
rier errors alone it became clear that: QAM SymBOL ERRORRATE IN RAYLEIGH FADING CHANNELS
* The carrier errors translate into additive interference at theThe symbol error rate for alZ-ary QAM transmission under
output of the FFT demodulator. AWGN conditions is given by
» The average power of this interference varies as a function
of the subcarrier index. Pe=1-(1-P)?=2-P 5P

* The interference appears to follow a normal distributiog.+,
even when the carrier errors are not normally distributed.

» The interference power and distribution appear to be in- P ;= <1 - L) -erfc 3 Ew (A.1)
dependent of the QAM constellation used to modulate the vM 2M-1) No

individual subcarriers.
. . . . . and with E,,,, /Ny being the average SNR per QAM symbol. At
The simulation of a 256 carrier system assuming carrier err%?ge SNR values the terth P ~ is dominant whileP2__ is a
. L 0 . . ! i
with standard deviation of 1% (of the subcarrier spacing) SU8rrection only. For Rayleigh fading channels the instantaneous

gests a signal-to-interference ratio of about 35 dB. A 2% carri o S . - ;
errors causes an SIR of 29 dB. EY\IRW has an exponential distribution with probability density

Sampling Clock Frequency Errors: function
The errors translate into additive interference at the output p(y) = — - czp <_t) v >0 (A.2)
of the FFT demodulator. Y Y

* The average power of this interference shows very Stro'\}\%ereﬁ is the average SNR and hence, the average symbol error

depe_ndence on the subcarrier index. C Hrobability is given by averaging the AWGN relation over the
» The interference appears to follow a normal distributio bove distribution

even when the sampling frequency errors are not normaﬁy

distributed. — =

» The interference power and distribution appear indepen- Pe = /0 Pe(v) -p(m) dy. (A-3)
dent of the QAM constellation used to modulate the indi- ) ) ) _ _
vidual subcarriers. Changing the integration variable o= /% we obtain

In a system with 256 carriers, and assuming a standard de- ___ ©0
viation of 10 ppm for the sampling clock stability, we find a P.= / Pe(x) -e7™dx
signal-to-interference ratio of about 70 dB for tone index 1, and R 00
of 40 dB for tone index 256. =2 / P ai(x)-e ™ dx — / Pf/ﬁ(x) -eTdx

Symbol Timing Errors:Errors in the OFDM symbol timing h 0 0
translate into symbol rotations at the FFT output. This added rgnere
tation varies from one tone to the next, and is added to rotatio (x) = <1 _ L) . erfe 3y x (A.4)

M : .

caused by other factors, such as the channel responses. TheréM VM 2(M -1)
fore, symbol timing errors do not pose a threat since the overall ) ) _ _
rotation is compensated for by the frequency domain equalizerVVe first evaluate the dominant term (first term) by expressing

Average SER@formance: The uplink average SER perfor-€rfc(x) through erf(x) and then manipulating the resulting
mance has been examined both analytically and by simulatigegral:
for the case of 4-QAM and 16-QAM. The main conclusions here 9 x
are as follows: erfe(x) =1 —erf(x) = — - / e”" dt (A.5)

» The SER performance was found somewhat tolerant to 0

sampling clock stabilities of 10 ppm. P (%) - e dx

» The carrier frequency errors were found to be the major 0
source of degradation because they lead to an irreducible SN A i o e
error floor for both systems. N <1 VM ! 0 erf(Vax) -7 dx
Assuming carrier errors of 1%, the irreducible error floor for _(1_ Y 1= I(a)]
4-QAM and 16-QAM is abous x 10~* and2 x 10~ respec- - VM a

tively. Assuming carrier errors of 2%, the irreducible error floogith
for 4-QAM and 16-QAM is increased to aboutx 10—2 and
8 x 1073 respectively. In the case of 4-QAM we notice that 3

frequency errors of 2% or less cause negligible degradation at a= 2(M — 1) (A.6)
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I(a) = / erf(v/ax ) - e * dx where we have defined
0 o>
2 [~ _ |V e J(a) = / [erf(v/ax)]? - e *dx
= —/ e ™ / e " dt >dx 0
\/7_1' 0 0 4 o Vax ) Vax )
4 oo = —/ e * / ek dtl/ e "2 dty » dx.
B _/ / ey 2qu i dy (A7) ™ Jo 0 0
v Jo | o (A.12)
after the change of variables= yu andx = y2. Then, Using the change of variables = /x — y; andty = /x - y2

the equation transforms into

e -
Ha) \F/ 1+u2) 201+ u?)

—_—————

=5 Ja
/ e dy /
0
0
o0 0 - Y1
= /L/H) g Ja

_2/ﬁ du 1 /
T TR T
7r
Lt Va Va
\/a 4 OO s . a 7X2 . a .
:/ (1(1% (A.8) J(a):;/o xe {/0 e yldyl/0 V2dy2}dx
0 tu

— I 1+yI+yi)x
In the last step we recognized a Gaussian distribution being —;/0 /0 {/0 xe (HHvi+y2) dX} dy, dy,
integrated over[0---oco) which gives 0.5. Performing now

theu = tan(v) change of variables the remaining integral = f/ / +” dy, dy,. (A.13)
simplifies to: Q 1+ yi+y3)

wan(/a We now switch to polar coordinates and we notice that the inte-
I(a) = /Mn( ?) cos(v) dy = sin(atan(y/a)) = 1| — grand takes on the same values underthes y» exchange of
0 1+a coordinates. Therefore, it is sufficient to integrate over only one
(A.9) of the shaded regions represented in the adjacent figure.

] v/ Via/cos(8) r
Therefore, using the dominant term in relation (A.1) we can J(a) :_/0 /0 (1+12)2 dr o de

Qo
approximate the symbol error rate in Rayleigh fading as
pp Yy yleig g 4 (/A _q [Valeos(®)
=4 / i a
7 Jo 1+4+12],
— 1 1 4[4 1
Po2(1-—)|1- — | . (A.10 —1_2 - 48 _
(- m) AR A -/ T (A1
2(M—1) [cos(6)]?
With a new change of variable wheve= tan(6) we obtain
According to relation (A.4) the correction term is given by 4 L 1
Ja)=1- —/ dv
. mJo (1+v)[1+a(l+v?)]
P _— _ 2 —x g 3
AP = / P ( )-e T dx = 1. Sl atan< a ) (A.15)
9 - by 1+a 1+a
— [erfc(v/ax )] - e > dx and the correction term is
(1) ) e © " \
1 )2 /00 _ APe=—<1——> [1—2-5—}——-5-(11‘,@71,(5)}
— 1 —erf(vax)]? -e *dx vM m
< VAL o with
1
< ﬁ) [1—2I(a) + J(a)] (A.11) £E= (A.16)
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